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Introduction
A syntactic foam is a material system composed of a matrix and hollow particles which are added to improve weight reduction and certain other properties. While most of the initial focus was on polymer matrices such as epoxy or vinyl ester [1, 2] , studies have recently been done even on metal matrices [3] . The lower weight of these syntactic foams enables us to use them in various applications, mainly in the aerospace and marine sectors. Their mechanical properties have been extensively studied. Another attractive use of syntactic foams is as the core in sandwich structures. These structures have been proposed as early as the 1990s [4] . Such sandwich composites have been fabricated and studied in the past both experimentally [5] and numerically [6] . The foam core is found to reduce the overall density of the composite while providing considerable stiffness under bending. Most sandwich structure cores studied have very low stiffness compared to the skin and models to analyse them have been discussed in literature [7] . Syntactic foam cores on the other hand, have considerably higher stiffness values.
In most of the studies on syntactic foam sandwich structures the skins and core are fabricated separately and combined at the end using a resin system. This caused premature debonding, leading to failure, under bending. In this study, the skins and core were fabricated together, thereby obtaining maximum load carrying capability from the sandwich before debonding takes place. Flexural tests were performed experimentally and the modes of failure were carefully observed. Analytical study was carried out and results were compared.
Experimental study

Fabrication of the sandwich composites
The materials used in the fabrication of the sandwich composites were 3M Scotchlite K15 type hollow glass microballoons, unidirectional stitched glass fiber mats, and a DGEBA-based epoxy resin system, Araldite LY556. A TETA-based hardener, Aradur HY951, was used as the curing agent. In previous studies, the skins were pre-fabricated and the foam core was then bonded separately. In this study, all the layers were fabricated simultaneously to ensure better bonding at the interfaces. A predetermined quantity of GMB was mixed with epoxy system using a mechanical stirrer. The mixing was done at lower speeds and the mixture was heated at regular intervals while being stirred to prevent the breaking of the GMB and to reduce its viscosity. At the same time, the lower skin was fabricated by using a hand layup technique. As soon as the epoxy in the skin started gelling, the hardener was added to the GMB-epoxy mixture being stirred. The GMBepoxy-hardener mixture was poured over the skin and allowed to gel into a semi-solid state. The top skin was then fabricated over the foam core. Both the upper and lower skins were comprised of three layers of glass fiber mats. Care was taken that the subsequent layers were fabricated before the layer preceding them gelled completely. The entire sandwich structure was allowed to cure for around 24 hours at room temperature. A sample with 3mm core thickness with a volume fraction of 0.5 is shown in figure 2 . 
Mechanical tests
Flexural tests were performed on a 5 kN Instron Universal Testing Machine (UTM) fitted with a three-point bending fixture. Rectangular samples were used for the tests. The gauge length was fixed at 50 mm.
Results and discussion
To compare the method of fabrication used in this study, samples were also fabricated by preparing the core and the skins separately and bonding them. Both were subjected to bending loads in order to understand the modes of failure in each section. The stages of failure observed in a sandwich specimen prepared instantly as described in this study are shown in figure 3 . There were three easily distinguishable modes of failure in the sandwich structure: core failure (cracking), skin fiber breakage, and skin-core debonding. Initially, both the skin and the core carried the load applied. The core failed first as it had lower strength compared to the skin. This is the first, sudden drop seen in the stress-strain curve. Even though cracks developed in the core, it was held intact by the skins and the structure was able to take further loads. As the specimen was bent further, the skin fibers on the tensile side of the specimen started breaking. This resulted in sudden drops in the load carried alternated by regions where the load could still be carried by the remaining intact specimen. The final failure happened when the skin and core debonded due to shear failure. It was observed that the core surface after debonding was not smooth which indicated that the bonding between the foam and the skin was very strong. This was a result of the fabrication technique used where the entire specimen was allowed to cure as one single unit instead of fabricating each layer of the sandwich and bonding them at the end. In specimens prepared by bonding together the individual sandwich layers at the end, it is seen that the first mode of failure is the debonding of the skin and the core, which led to very low overall strength as the debonding occurred before the maximum load-bearing capacity of the skin had been reached. The results of the flexural tests for various core volume fractions of the sandwich composites are shown in figure 4 . It can be seen that as the core volume fraction increases, the modulus and strength of the foam showed a slight decrease. Figure 5 compares the sandwich flexural moduli to those of the pure syntactic foams. The increase in modulus compared to the pure foam is due to the higher stiffness of the glass-fiber reinforcement. Despite the decrease in properties, the foam core helps in reducing the density of the composite significantly. The density of the fiber reinforced epoxy alone was found to be 1.646 g/cc while a sandwich containing a core having a GMB volume fraction of 50% had a reduced density of 1.155 g/cc. This helps in reducing the weight of the overall structure being fabricated.
Analytical study
Analytical studies were carried out using the higher order shear deformation theory proposed by Reddy [8] . A higher order theory was chosen since the sandwich composite being studied cannot be considered as a thin beam and thus will have shear effects in addition to pure bending. This is visibly noticed during the experimental bending tests where the core and the skin shear off at higher loads.
The displacement field is considered to be of the form
where the last two terms in (1) and (2) are the higher order terms which account for the shear effect which is not considered in first-order theories; Ψ x and Ψ y are the rotations of the normal to the mid-plane about the y and x axes, respectively. Using the constitutive and equilibrium equations leads us to form a stiffness matrix which involves a large number of coupling terms other than the usual A, B, and D matrices obtained in simpler theories. After simplifying the equations for symmetry and special material properties, assumed displacements and rotations are substituted into the equations in Fourier series fashion. Care is taken that these satisfy the boundary conditions. The unknowns in our study are the vertical displacement, w, and the rotations, Ψ x and Ψ y . The set of equations obtained is then solved using any equation solving software to obtain the displacement field at a given load. This can be used to calculate the modulus of the sandwich beam. The results obtained for specific volume fractions are shown in figure 6. They were found to be following the same trend as the experimental results.
Conclusions
Syntactic foam -GFRP sandwich composites were fabricated using an instantaneous method. Flexural tests were performed, which showed failure modes different from specimens made by the normal method. The modes of failure were studied in detail and it showed three modes of failure in the following order of occurrence: core failure (cracking), skin fiber breakage, and skincore debonding. The effect of increasing core GMB volume fraction on the overall properties was studied. Though the stiffness and initial failure of the sandwich samples decreases with an increase in GMB volume fraction, the drawback in compensated by a corresponding decrease in overall sandwich density. Analytical study was done using a higher order shear deformation theory to model the sandwich composite studied which ensured the shear effect in the thicker composite was taken into account. The values for the skins and core properties individually were obtained from experiments and from analysis. The analytical results were very close to the experimental valued obtained. 
